A leading hypothesis linking parasites to social evolution is that more genetically diverse social groups better resist parasites. Moreover, group diversity can encompass factors other than genetic variation that may also influence disease resistance. Here, we tested whether group diversity improved disease resistance in an ant species with natural variation in colony queen number. We formed experimental groups of workers and challenged them with the fungal parasite Metarhizium anisopliae. Workers originating from monogynous colonies (headed by a single queen and with low genetic diversity) had higher survival than workers originating from polygynous ones, both in uninfected groups and in groups challenged with M. anisopliae. However, an experimental increase of group diversity by mixing workers originating from monogynous colonies strongly increased the survival of workers challenged with M. anisopliae, whereas it tended to decrease their survival in absence of infection. This experiment suggests that group diversity, be it genetic or environmental, improves the mean resistance of group members to the fungal infection, probably through the sharing of physiological or behavioural defences.
I N T R O D U C T I O N
An intriguing feature of animal societies is that they vary greatly in the number of breeders per group. In most species of social Hymenoptera (ants, wasps and bees), queens mate with a single male, but polyandry is prominent in a few taxa (Strassmann 2001) . In contrast to the relative rarity and scattered taxonomic distribution of polyandry, polygyny (the stable coexistence of multiple queens reproducing in the same colony) is very common and widespread, particularly in ants (Bourke & Franks 1995; Crozier & Pamilo 1996) .
The evolution of polyandry and polygyny has attracted much attention. Multiple mating is likely to bear some costs to the queens, and the presence of multiple queens decreases the reproductive output of each queen (Bourke & Franks 1995; Crozier & Fjerdingstad 2001) . More importantly, both polyandry and polygyny decrease the relatedness among nestmates, which reduces the inclusive fitness of workers and the strength of selection for adaptive worker behaviour (Hamilton 1964 (Hamilton , 1987 .
Conversely, polyandry and polygyny increase the genetic diversity within the colony, which may provide various kinds of benefits. In particular, it has been proposed that higher colony genetic diversity may improve disease resistance (the Ôgenetic diversity for disease resistanceÕ hypothesis, Hamilton 1987; Sherman et al. 1988) , permit to tolerate a broader range of environmental conditions (Crozier & Page 1985) , or increase colony efficiency and homeostasis (Robinson 1992; Oldroyd & Fewell 2007) .
Recent models suggest that the relationship between colony genetic diversity and disease resistance is complex, because genetically heterogenous colonies are likely to be susceptible to a larger range of parasites (van Baalen & Beekman 2006) . However, if colonies are exposed to infection independently of genetic diversity, genetically heterogeneous colonies can better resist parasite under certain conditions (Brown & Schmid-Hempel 2003; van Baalen & Beekman 2006) . Higher colony genetic diversity also tends to decrease the variance among colonies in the proportion of surviving workers, which might be beneficial if the relationship between the number of workers and colony fitness is convex (Sherman et al. 1988; Brown & Schmid-Hempel 2003) . More broadly, colony diversity, be it due to genetic or environmental variation, may improve the mean survival of all colony members in multiple ways. The simplest mechanism is that the presence of a given proportion of resistant individuals may confer Ôherd immunityÕ by preventing the maintenance and spread of disease within the colony (Anderson & May 1985) . Furthermore, better disease resistance in groups may result from the transfer of resistance among colony members (Traniello et al. 2002) , for example, by sharing endogenously produced antibiotics (Rosengaus et al. 2000) , or when the behaviour of some specialists protects other individuals (Boomsma et al. 2005) .
Several other hypotheses have been proposed to explain the evolution of polyandry, including convenience mating, bet-hedging to avoid genetic incompatibility, increased sperm store or reduced sex allocation conflict (reviewed in Crozier & Fjerdingstad 2001) . Similarly, multiple factors are likely to promote the evolution of polygyny, from ecological constraints limiting independent breeding to benefits provided by changes in dispersal, mode of colony founding and life-history traits that are associated with the presence of multiple queens (Bourke & Franks 1995; . Given the complexity and multiplicity of processes that are potentially involved in the evolution of either polyandry or polygyny, experimental data testing specific hypotheses are needed.
The Ôgenetic diversity for disease resistanceÕ hypothesis proposes that social groups with higher genetic diversity better resist parasites (Hamilton 1987; Sherman et al. 1988; Shykoff & Schmid-Hempel 1991) . This hypothesis has received strong empirical support with respect to variation in mate number in monogynous species of eusocial Hymenoptera. Experiments in fungus-growing ants Acromyrmex echinatior , honeybees Apis mellifera (Palmer & Oldroyd 2003; Tarpy 2003; Tarpy & Seeley 2006; Seeley & Tarpy 2007) and bumblebees Bombus terrestris (Liersch & Schmid-Hempel 1998; Baer & SchmidHempel 1999 ) have shown genetic variation for resistance among patrilines and reduced disease prevalence in colonies with higher genetic diversity, at least under some conditions. This large amount of data suggest that parasites play a role in promoting the evolution of multiple-mating by the queen, even if other factors are also likely to be important (Kraus & Page 1998; Crozier & Fjerdingstad 2001) .
The relationship between queen number and parasite resistance has received less attention, but two studies suggest that polygynous colonies might better resist parasites. A comparative analysis revealed that the level of relatedness within colonies was positively correlated with parasite loads (Schmid-Hempel & Crozier 1999) . Moreover, a brood-transfer experiment in the normally monogynous species Bombus terrestris showed that colonies with greater heterogeneity had lower parasite loads (Liersch & SchmidHempel 1998) . Hence, the effect of polygyny and group diversity on disease resistance deserves further experimental investigation in species where queen number varies. It is also important to note that, in the context of polygyny, group diversity is a broader concept than genetic diversity alone, as it also includes phenotypic variance among matrilines coming from maternal effects or variation in ecology, ontogeny and demography.
Here, we examine if group diversity improves disease resistance in experimental groups of the ant Formica selysi. This ant shows natural variation in the number of queens per colony. Monogynous and polygynous colonies coexist in close proximity in the same habitat (Chapuisat et al. 2004 ). In the field, polygynous colonies are genetically more diverse than monogynous ones ), but they are also more populous and have slightly smaller workers that are less variable in size (Schwander et al. 2005) .
We infected experimental groups with a strain of Metarizhium anisopliae var. anisopliae that we isolated from soil at our study site. This virulent fungal entomopathogen of many insect species is commonly used as an experimental pathogen of ants and termites (e.g. Calleri et al. 2006; Chapuisat et al. 2007) . Although the prevalence of Metarhizium appears to be low in natural populations of ants , we recently found infected workers in one colony of our study population.
We evaluated the ''genetic diversity for disease resistance'' hypothesis, and more generally the effect of group diversity, in two ways. First, we compared the resistance of groups of workers originating from monogynous and polygynous field colonies, both in controls and when exposed to M. anisopliae. Second, we tested if increased group diversity obtained by experimentally mixing workers originating from monogynous colonies improved disease resistance.
M E T H O D S

Sampling of ants
The ants came from a population of Formica selysi located between Sierre and Susten along the river Rhône in central Valais, Switzerland. We sampled ants from 42 monogynous and 28 polygynous field colonies on which we already had detailed genetic information (see below). Workers were collected between July and September 2005 under flat stones placed on each field colony. Measures of the head width of workers from 32 of the colonies used in the present study confirmed that workers from polygynous colonies are significantly smaller than workers from monogynous ones (hierarchical ANOVA with colony nested in social structure, F 1,21 ¼ 30.99, P ¼ 0.02; see also Schwander et al. 2005) .
Genetic analyses
We checked the social structure of the field colonies by sampling and genotyping five to eight workers from each colony used in the present study at nine microsatellite markers, following the methods described in Chapuisat et al. (2004) . We inspected the arrays of genotypes from the individuals sampled in our study and compared them with those of eight to 100 individuals sampled from the same field colonies in the previous years (Chapuisat et al. 2004; Schwander et al. 2005; Rosset & Chapuisat 2006 ). This procedure revealed that the social structure of the sampled colonies had remained unchanged, and permitted to determine with high confidence which of the field colonies were headed by one queen, and which had multiple queens (see Chapuisat et al. 2004 
for details).
We determined the average relatedness among nestmates, effective queen number and allelic richness from the genotypes of the workers sampled in our study. The relatedness among nestmate workers was computed with the computer program Relatedness 5.0.4 (http://www. gsoftnet.us/GSoft.html). Nests were weighted equally and standard errors were obtained by jack-knifing over nests. The average relatedness (r) was 0.73 ± 0.02 (mean ± SE, 95% confidence interval 0.69-0.77) in monogynous colonies and 0.18 ± 0.03 (95% confidence interval 0.11-0.25) in polygynous colonies.
We estimated the effective number of queens from the relatedness among workers (r) with the formula (3 ) r) ⁄ (3r), which assumes that the relatedness among queens is equal to the relatedness among workers, as expected if queens stay in their natal nest (Chapuisat et al. 2004) . The effective number of queens was 1.11 ± 0.06 (mean ± SE) in monogynous colonies and 13.06 ± 3.08 in polygynous ones.
We computed allelic richness with the program FSTAT v2.9.1 (http://www2.unil.ch/popgen/softwares/fstat.htm). The average allelic richness was significantly higher in polygynous colonies than in monogynous ones (2.35 vs. 1.82, respectively; Wilcoxon rank-sum test, Z ¼ 6.68, P < 0.0001).
Parasite preparation
We isolated a strain of Metarhizium anisopliae var. anisopliae from soil collected at our study site. Soil samples were diluted in sterile 0.8% NaCl solution and plated on semiselective medium for Metarhizium (Keller et al. 2003) . The Metarhizium culture was started from a single colony-forming unit presenting the characteristic green colour and stretched conidia shape, which was transferred to a nutritive medium (Malt Extract Agar). To confirm the species identification, a 543-bp long DNA fragment in the nuclear ITS1-5.8S-ITS2 region of the rRNA gene-complex was amplified by PCR with the primers TW81 ⁄ AB28 and sequenced (Curran et al. 1994) . The strain that we isolated perfectly matched the sequence of M. anisopliae var. anisopliae published in GenBank (accession number AY635457.1, found after a search with BLAST 1.4 10MP, http://www.ncbi.nlm.nih.gov/).
We cultured the strain on the nutritive medium at 25°C for 5-7 days to obtain conidia (asexual spores). The conidia were harvested into sterile 0.05% Tween 20. Conidia concentration was quantified using a haemocytometer and adjusted to 10 7 conidia mL )1 . This conidia solution was used to infect ants in experimental groups.
Tests of disease resistance
In the two experiments described below, we established experimental groups of 40 individuals in plastic boxes (13.5 cm long · 15 cm wide · 5 cm high) lined with fluon to prevent escape. Experimental groups were maintained in the laboratory at 25°C under a 12 h day ⁄ night cycle, and provided ad libitum with water and a protein-rich jelly made of honey, egg and agar.
In the first experiment, we compared the resistance of workers originating from monogynous and polygynous field colonies. We sampled workers from 27 monogynous and 28 polygynous colonies. For each field colony, we set up two experimental groups, of which one was infected with M. anisopliae and the other served as control (see below).
In the second experiment, we tested the effect of group diversity on resistance. We created three levels of diversity by briefly cooling down workers originating from monogynous field colonies, before to mix them in experimental groups. This manipulation increased within-group genetic diversity, and possibly also variation due to maternal or environmental effects. Workers of this species show little aggression in the field , and they behaved peacefully in our mixed laboratory groups. Low diversity groups had 40 individuals from a single colony, medium diversity groups had 20 individuals from each of two colonies, and high diversity groups had 10 individuals from each of four colonies. We collected workers from 32 monogynous field colonies, from which we created 64, 32 and 16 experimental groups with low, medium and high diversity, respectively. For each combination of colonies, one of the two experimental groups was infected with M. anisopliae and the other served as control.
We monitored the mortality in infected and control groups. In experimental groups infected with M. anisopliae, 400 lL of conidia solution were deposited daily on a filter paper (7 cm diameter) that was left unchanged in the middle of the plastic box, so that workers were in contact with a concentration of conidia sufficient to cause significant mortality during the entire time course of the experiment . Control groups received 400 lL of sterile 0.05% Tween 20. The experiment lasted for 55 and 30 days in the first and second experiment, respectively.
To check the efficiency of the infection with M. anisopliae, all corpses were removed, surface sterilized, placed in tubes with wet cotton wool, and kept at 25°C to check for the presence of conidia (Lacey 1997) . We observed that 51.4% of the 2172 corpses from infected groups and none of the 653 corpses from control groups produced Metarhizium conidia.
Statistical analyses
We analysed ant survival with repeated-measures ANOVAs. We used mixed models in which the dependent variable (repeated measure) was the arcsin square root transformed proportion of ants alive recorded daily. The models were constructed with the function lme (linear mixed-effects models) of the statistical package R (http://www.r-project.org). We computed the ANOVA table of the model to obtain degrees of freedom, F-statistics and P-values for the fixed factors.
To compare the survival of workers originating from monogynous and polygynous field colonies, the social structure of origin (monogynous or polygynous) and infection (control or challenged with M. anisopliae) were fixed factors, and experimental colony (each box containing a group of workers) was a random factor. Such procedure was chosen because the use of the proportion of surviving ants controls for the non-independence of workers in the same box at any point in time, whereas the random factor Ôexperimental boxÕ controls for the non-independence of the repeated measures, as each box may be affected by some uncontrolled factor influencing the survival of ants over time. A significant interaction between social structure, infection and day of measure is expected if workers originating from monogynous and polygynous field colonies differ in their response to infection over time. We further investigated the differences in survival between workers from monogynous and polygynous colonies with repeatedmeasures ANOVA within the uninfected or infected treatments, respectively.
The effect of the experimental manipulation of group diversity on workersÕ resistance was analysed with a similar model. Group diversity (low, medium and high) and infection (control or challenged with M. anisopliae) were fixed factors, and experimental colony (each box containing a group of workers) was a random factor. A significant interaction between group diversity, infection and day of measure is expected if groups with different diversity levels vary in their response to infection over time. To further investigate the direction of this effect, we also applied repeated-measures ANOVA between levels of group diversity within the uninfected or infected treatments, respectively.
R E S U L T S
Workers originating from monogynous and polygynous field colonies did not differ significantly in their response to an experimental infection with M. anisopliae, as shown by the absence of interaction between social structure, infection and day of measure (Fig. 1, F 1,4669 ¼ 0.27, P ¼ 0.6). The infection with M. anisopliae strongly reduced the survival of workers originating from both types of colonies (Fig. 1 , interaction between infection and day of measure, F 1,4669 ¼ 553.5, P < 0.0001). Interestingly, workers originating from monogynous and polygynous colonies differed significantly in survival, independently of infection (Fig. 1 , interaction between social structure and day of measure, F 1,4669 ¼ 64.9, P < 0.0001). Specifically, workers originat- ing from monogynous colonies had higher survival than workers originating from polygynous colonies, both within uninfected control groups (Fig. 1, F 1 ,2308 ¼ 80.1, P < 0.0001) and within groups infected with M. anisopliae (Fig. 1, F 1 ,2308 ¼ 37.8, P < 0.0001).
The experimental manipulation of diversity in groups of workers originating from monogynous colonies had a strong impact on the resistance to the fungal infection, as shown by the significant interaction between group diversity, infection and day of measure (Fig. 2, F 2 ,3354 ¼ 21.5, P < 0.0001). When challenged with M. anisopliae, workers had significantly higher survival in high diversity groups originating from four colonies than in medium diversity groups originating from two colonies (F 1,718 ¼ 8.0, P < 0.01) or low diversity groups originating from a single colony (F 1,1198 ¼ 29.2, P < 0.0001). Similarly, workers challenged with M. anisopliae survived better in medium diversity groups than in low diversity groups (F 1,1438 ¼ 9.9, P < 0.01). In contrast, in absence of infection, workers in low diversity groups survived significantly better than those in high diversity groups (F 1,1198 ¼ 4.7, P < 0.05), whereas the survival of workers did not differ significantly between high and medium diversity groups (F 1,718 ¼ 1.6, P ¼ 0.20), nor between medium and low diversity groups (F 1,1438 ¼ 0.63, P ¼ 0.42).
D I S C U S S I O N
F. selysi workers originating from monogynous field colonies had higher survival than workers originating from polygynous colonies, and this both in uninfected groups and in groups challenged with the fungal parasite M. anisopliae. Hence, natural variation in group genetic diversity in the field did not correlate with improved parasite resistance, which provides no support to the Ôgenetic diversity for disease resistanceÕ hypothesis in this context. In certain conditions, lower group diversity might even be associated with reduced disease susceptibility (Lewis 1998; Thorne & Traniello 2003) .
For example, in the termite Zootermopsis angusticollis primary reproductives suffered less from parasite-induced mortality when they paired with nestmates than non-nestmates (Rosengaus & Traniello 1993; Calleri et al. 2005) .
The effect of natural variation in genetic diversity among colonies in our field population is however difficult to assess, because previous studies have revealed that the shift from monogynous to polygynous colonies is associated with multiple changes not only in genetic diversity, but also in colony size, colony longevity, worker body size, and investment in reproduction and maintenance (Chapuisat et al. 2004; Schwander et al. 2005; ). In particular, polygynous colonies have approximately 10 times more workers than monogynous ones , and these workers are significantly smaller and less variable in size (Schwander et al. 2005) . These pronounced differences in resources allocation might explain why workers originating from monogynous colonies had higher survival than workers originating from polygynous ones, both in controls and when infected with M. anisopliae. Further experiments will be necessary to disentangle the effects of worker size and other correlates of queen number variation on disease resistance, including indirect effects of colony size and demography (Rosengaus et al. 1998; Rosengaus & Traniello 2001) .
As multiple factors covary with queen number in the field, a proper test of the effect of group diversity on disease resistance requires to experimentally manipulate diversity among groups of workers originating from the same type of colonies. Indeed, the experimental increase of group diversity by mixing workers originating from monogynous field colonies strongly increased the mean survival of workers challenged with M. anisopliae. This pattern in presence of the parasite contrasts sharply with a tendency for lower survival in more diverse groups in absence of infection. These results suggest that, other things being equal, group diversity improves the mean resistance of group members to the fungal infection. The design of the experiment was such that all workers were repeatedly exposed to the pathogen. Moreover, the cadavers were removed before they could release new conidia, so that there was no disease transmission from dead to live individuals. Hence, in our experiment group diversity was unlikely to improve mean survival by reducing the number of susceptible individuals below some threshold preventing the spread of epidemics (herd immunity, Anderson & May 1985) , or by limiting parasite adaptation in more genetically diverse hosts (e.g. Hughes & Boomsma 2006) .
Given that the fungus was not transmitted from dead to live ant, the higher survival in more diverse groups suggests that group diversity increased the mean defences of workers towards the fungal pathogen, probably through a transfer of physiological defences or a sharing of behavioural defences. One possibility is that workers share endogenously produced antifungal substances that vary among lineages. For example, they might exchange substances secreted by their metapleural glands (Fernandez-Marin et al. 2006) . Workers from some lineages might also be particularly efficient at removing or neutralizing M. anisopliae conidia, thus conferring protection to other individuals (Jaccoud et al. 1999; Hughes et al. 2002) .
The positive effect of group diversity on workerÕs resistance is in line with the finding that multiple mating in Acromyrmex ants or outbreeding in Zootermopsis termites mitigate against the effect of M. anisopliae, at least for some doses of the parasite Calleri et al. 2006) . It is also consistent with experiments showing that genetic diversity reduces parasite load in bumblebee colonies (Liersch & Schmid-Hempel 1998; Baer & SchmidHempel 1999 , and diminishes the impact of bacterial or fungal pathogens in honeybee colonies (Tarpy 2003; Tarpy & Seeley 2006; Seeley & Tarpy 2007) .
In our experiment, the positive effect of group diversity was only observed in groups infected with M. anisopliae. In contrast, in absence of infection workers in low diversity groups survived better than those in high diversity groups. This result suggests that the mixing of workers from different colonies had a negative impact on the ants. Although F. selysi workers recognize non-nesmates in the field, they are not very aggressive ), and we did not observe any aggression or segregation in our queenless laboratory groups. However, it is possible that stress or cryptic antagonistic interactions caused higher mortality in more diverse group in absence of infection. In any case, the positive effects of group diversity against M. anisopliae had to be strong to reverse the trend observed in uninfected groups.
It should also be noted that part of the group diversity in our experiment may not be genetic. Indeed, the phenotypic differences among workers sampled in different field colonies are likely to be partly due to maternal or environmental effects. Importantly, maternal effects are also expected to contribute to phenotypic differences among matrilines within colonies. This alternative source of variation might be of lower magnitude than genetic effects, but is also relevant for the hypothesis that greater queen number improves disease resistance.
In conclusion, the better resistance of workers in groups with experimentally increased diversity suggests that, other things being equal, parasites have less impact in colonies with multiple matrilines. It is consistent with the ''genetic diversity for diseases resistance hypothesis'' and with the idea that the pressure of parasites is one of the factors favouring the evolution of polygyny (Hamilton 1987) . Part of the positive effect of group diversity may also stem from between-lineage variation in maternal effects, ontogeny, demography and ecology. Hence, further experiments with lab-reared workers will be needed to distinguish between the various sources of group diversity.
We did not detect a positive effect of genetic diversity when comparing the disease resistance of workers originating from monogynous and polygynous field colonies, in which the genetic diversity had not been manipulated but vary naturally. The most likely explanation for this pattern is that some of the many factors that covary with queen number variation in the field have antagonistic effects on parasite resistance. Polygynous field colonies have a much larger number of workers than monogynous ones ) and these workers have a significantly smaller body size (Schwander et al. 2005) , which might explain why they did not show increased resistance to M. anisopliae despite the higher genetic diversity in their groups. Together, these results exemplify the importance of experimentally manipulating single factors rather than relying on correlational field data when studying complex evolutionary processes.
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